Ostreococcus spp. are common worldwide oceanic picoeukaryotic pelagic algae. The complete genomes of three strains from different ecological niches revealed them to represent biologically distinct species despite their identical cellular morphologies (cryptic species). Their tiny genomes (13 Mb), with ;20 chromosomes, are colinear and densely packed with coding sequences, but no sexual life cycle has been described. Seventeen new strains of one of these species, Ostreococcus tauri, were isolated from 98 seawater samplings from the NW Mediterranean by filtering, culturing, cloning, and plating for single colonies and identification by sequencing their ribosomal 18S gene. In order to find the genetic markers for detection of polymorphisms and sexual recombination, we used an in silico approach to screen available genomic data. Intergenic regions of DNA likely to evolve neutrally were analyzed following polymerase chain reaction amplification of sequences using flanking primers from adjacent conserved coding sequences that were present as syntenic pairs in two different species of Ostreococcus. Analyses of such DNA regions from eight marker loci on two chromosomes from each strain revealed that the isolated O. tauri clones were haploid and that the overall level of polymorphism was ;0.01. Four different genetic tests for recombination showed that sexual exchanges must be inferred to account for the between-locus and between-chromosome marker combinations observed. However, our data suggest that sexual encounters are infrequent because we estimate the frequency of meioses/mitoses among the sampled strains to be 10 À6 . Ostreococcus tauri and related species encode and express core genes for mitosis and meiosis, but their mechanisms of cell division and recombination, nevertheless, remain enigmatic because a classical eukaryotic spindle with 40 canonical microtubules would be much too large for the available ;0.9-lm 3 cellular volume.
Introduction
Although the smallest eukaryotic green algae account for only a modest fraction of the oceanic biomass, they nevertheless contribute significantly to primary production in many oceanic waters (Stockner 1988; Li 1994; Worden 2006) . Ostreococcus spp. are worldwide distributed unicellular autotrophic ;1-lm diameter cells, each containing one chloroplast, one mitochondrion, and a small (;13 Mb) nuclear genome. Sequence analysis of the genomes of three different strains of Ostreococcus spp. isolated from different ecological niches (coastal, oceanic, and deepwater) has been completed (Derelle et al. 2006; Palenik et al. 2007; Jancek et al. 2008) and yields information about their niche specializations.
All ecotypes harbor coding sequences with high similarity to several core meiotic genes (Derelle et al. 2006 ) and similarities to homeodomain proteins known to be important in early zygote development after fusion of plus and minus gametes in other species (Lee et al. 2008 ), but only a haploid phase of Ostreococcus spp. has so far been observed. In fact, no sexual phase has been described for any of the related species in this order (Mamiellales), including Bathycoccus sp. and Micromonas sp., despite rapid progress in analysis of their complete genomes (Worden et al. 2009 ). All these species have well-structured compact genomes, about 20 linear chromosomes, with a high level of between-strain synteny, despite their high levels of nucleotide sequence divergence (Palenik et al. 2007 ). Thus, circumstantial evidence about these genomes and their predicted meiotic functionalities intimate the likely existence of an unobserved diploid phase in this group of species that are fast becoming models at the cutting edge of genomics and ecology.
Although numerous important studies describe marine plankton diversity (Lopez-Garcia et al. 2001; Massana and Pedros-Alio 2008; Vaulot et al. 2008) and much more work is still required to catalogue marine microbial diversity, population genetic studies of planktonic species are scarce and absent for picoplanktonic eukaryotes. The main reason for this lack of knowledge of intraspecific diversity is that only a minority of marine protists can be isolated and cultured in the laboratory (for a review, see Massana and Pedros-Alio 2008) , a prerequisite for their physiological characterization, for the extraction of sufficient DNA and for testing the induction of mating between strains.
Not surprisingly, our knowledge about the life cycles and the occurrence of sexual reproduction in free-living planktonic eukaryotes is mainly limited to certain diploid groups such as diatoms, where meiosis may be induced by the size of their mineral extracellular envelope (McMullin et al. 2005; Telford et al. 2006; Chepurnov et al. 2008 ) and freshwater ciliates (Coleman 2005; Snoke et al. 2006; Catania et al. 2009 ). In the green algae, better defined as Chlorophyta, life cycles have been described in only a few species. Many of the multicellular Chlorophyceae are not attractive as models because of their multinucleate cells (Waaland et al. 2004) . In freshwater systems, colonial Volvox spp. and unicellular Chlamydomonas are used as models (Hallmann 2003; Proschold et al. 2005) . The latter genera are haplontic, the diploid phase being reduced to a short part of their life cycles. No sexual stages have yet been reported in the taxonomically diverse order Mamiellales that includes Ostreococcus tauri, the subject of this work, although genes predicted to encode and express meiosis-specific functions have been found in the genome (Derelle et al. 2006) . The phylogenetically closest species with an observed sexual stage within the class Prasinophyceae is the freshwater Nephroselmis spp., where microscopy revealed cell fusion (syngamy) followed by division of one cell into four daughter cells, suggesting that sexual reproduction occurs (Suda et al. 1989 (Suda et al. , 2004 .
In this study, we take advantage of the available genome sequence data of O. tauri and O. lucimarinus to investigate the population genetic diversity of this species from 17 strains isolated from five locations in the Gulf of Lion, NW Mediterranean Sea. We analyze this polymorphism data to assess whether this organism is haploid and whether it reproduces sexually.
Materials and Methods

Isolation Culture and Identification of O. tauri Strains
Samples of surface water (0.5-1 l) were collected from different saltwater lagoons or coastal waters in the NW Mediterranean ( Fig. 1 ) and maintained at about 8°C before returning to the laboratory. In all, 98 samplings were performed among these different sites over a 2-year period (January 2006 to January 2008 . Each sample was treated separately, and many samples were subdivided into separate subcultures. To remove larger plankton, the samples were filtered successively by passage through a 3-lm pore size filter (Millipore) and then through a 1.2-lm filter (Sartorius). Aliquots (50 ml) of each filtrate were then mixed at a ratio of 1:1 with Keller's medium (Keller and Guillard 1985) to favor growth of phytoplankton. Antibiotics were added (kanamycin 20 lg ml À1 , penicillin 25 lg ml À1 , and neomycin 20 lg ml À1 final concentrations) to reduce bacterial growth. After 2-3 weeks in culture (20°C , 100 lm À2 s À1 continuous white light), many of the cultures appeared pale green and most of the latter were found to contain picoplankton with flow cytometric characteristics similar to our characterized control strain OTTH0595. These lines were retained for further study (supplementary table 1, Supplementary Material Online). In order to obtain clonal cell lines, serial dilutions of such cultures were plated into K medium solidified with 0.15% agarose. Individual colonies usually appeared after 3-4 weeks and were picked off and resuspended in liquid K medium for further growth and analysis. In some cases, two or more such clones were retained for further analyses. DNA was prepared after harvesting cells from 100 ml of each clonal culture (cell density . 2 Â 10 7 ml À1 ), and the identification of the species present was determined by polymerase chain reaction (PCR)-mediated amplification of the 18S ribosomal gene region using the specific primers: 18S forward (5#-ACCTGGTTGATCCTGCCAG-3#), 18S reverse (5#-TGATCCTTCCGCAGGTTCAC-3#), euk528f (5#-CCGCGGTAATTCCAGCTC-3#), eits2dir (5#-GTAGGT-GAACCTGCGGAAGGA-3#), and etts3rev (5#-GGGGA-ATCCTTGTTAGTTTC-3#) (Moon-van der Staay et al. 2001; Guillou et al. 2004; Rodriguez et al. 2005) . PCR amplifications were done using Promega GoTaq in conditions recommended by the manufacturer, with 1.5 mM MgCl 2 , then cycling: 1 cycle of 2 min, 95°C; 35 cycles (1 min, 95°C; 1 min, 55°C; 2 min, 72°C); 1 cycle (4 min, 72°C); then held at 4°C until further use. Sixteen of the clonal cultures obtained in this way (16% of the total number of prasinophyte cell lines isolated) were found to be O. tauri, which is 100% identical over the 18S rRNA sequence, and the remaining strains belong to Ostreococcus sp. clade D, Bathycoccus spp., or Micromonas sp. The previously characterized OTTH95 (Courties et al. 1994; Derelle et al. 2006) , sequenced in 2001, was then included in the analysis, together with the present clonal descendant of this strain, which has been maintained in the laboratory under continuous illumination for 8 years (;3000 cell divisions), giving 18 strains. One of the strains isolated from Leucate lagoon died during the study so that Ch1b marker analysis (see below) including this marker have been performed only for 17 strains. The sequences reported in this study have been deposited in the GenBank database (accession numbers GQ426331-482).
Genetic Markers
In order to optimize the detection of neutral polymorphic markers, we developed a specific search procedure. Because codon usage is extremely biased in these species (Palenik et al. 2007 ) and this correlates positively with the level of mRNA expression (G.P., unpublished data), synonymous polymorphism is likely to be under selection and would thus lead to an underestimation of the neutral level of polymorphism. Selection on codon usage is known to occur in several bacterial and eukaryotic species (for a review, see Hershberg and Petrov 2008) . We therefore avoided using coding sequences for this study. Because intronic sequences are more constrained than synonymous sites in Ostreococcus (Piganeau and Moreau 2007) , intergenic regions are the best candidates for investigation of neutral polymorphism. Our choice of eight intergenic markers relies on the analysis of the distribution of constraint in intergenic regions based on the whole-genome comparison of two Ostreococcus genomes from different species of O. tauri and O. lucimarinus (Piganeau et al. 2009 ). In the latter study, we showed that tail-to-tail intergenic regions, that is, intergenic regions bordered by two stop codons, are less constrained than head-to-head (intergenic regions bordered by two start codons) or head-to-tail (intergenic regions bordered by one stop and one start codon) gene orientations. We wrote a script to screen chromosomes 1 and 18 for four approximately evenly spaced tail-to-tail intergenic regions between 200 and 400 bp long. To avoid spurious intergenic regions due to annotation errors, we considered only orthologous intergenic regions, that is, intergenic regions bordered by two genes having an orthologous gene in the other species. We thus additionally ensured that PCR primers flanking the regions bearing neutral polymorphisms to be amplified fell into conserved proteincoding sequences, thereby maximizing the probability these would target sufficiently similar orthologous sequences among all the strains being studied. Less than a dozen such candidates on chromosomes 1 and 18 remained, and we picked four intergenic regions on each chromosome with a comparable distance between each marker. The position of these markers on O. tauri's genome sequence and the nature of the bordering coding sequences are given in figure 2 and table 1.
Data Analysis
Sequences were aligned manually using Se-Al (Rambaut 2002 ) and compared with the genome sequence of the original isolate OTTH0595 to identify possible polymorphisms. All polymorphic sites observed were checked on the chromatogram of both the reverse and the forward strands. Special attention was given to the possible occurrence of double peaks, the hallmark of heterozygosity and thus diploidy, but no cases of double peaks were observed at these loci. The nature of polymorphism (nucleotide or indel) and Watterson's infinite-sites estimator of the population-scaled mutation rate h (Watterson 1975) , h 5 2N e l for haploids (where N e is the effective population size and l is the per-site mutation rate), were estimated for each locus and for the concatenated sequences for each chromosome.
, where P is the number of polymorphisms, L is the number of sites, and n is the number of sequences sampled. We also estimated h by the average number of pairwise differences per site between individuals in the sample (Tajima 1983) , p, or average heterozygosity (Hartl and Clark 1997) .
p5
where d ij is the number of differences between sequence i and sequence j. Both polymorphism estimates should be equal under the infinite site, steady state, neutral evolution model of sequence evolution (Tajima 1989) .
We used the SplitsTree4 package (Huson and Bryant 2006) with default parameters, available at http:// www.splitstree.org, to infer the network (Bryant and Moulton 2002) of our data.
Empirical and simulation studies of several recombination detection methods suggest that different methods detect different signatures of recombination so that the definitive conclusions about the presence of recombination should not be derived on the basis of a single method (Posada and Crandall 2001; Posada 2002) . We used four recombination detection methods to gain evidence of recombination from sequence data Posada and Crandall 2001) , chosen for their power to detect rare recombination events from polymorphism data (Posada and Crandall 2001) , as previously described . They are as follows:
1. The ''maxchi'' test of Maynard Smith (1992) and the ''geneconv'' test of Sawyer (1989) . We considered global P values, which automatically correct for multiple comparisons, for internal fragments. We used the default parameters because there has been no systematic analysis of the behavior of the geneconv test. 2. The relationship between the measure of linkage disequilibrium, r 2 (Hill 1974) , and distance between sites, with the significance assessed by the Mantel test (the LDr 2 test). The relationship between the measure of linkage disequilibrium, |D#| (Lewontin 1964) , and distance between sites, with the significance assessed by the Mantel test (the LD|D#| test). One thousand randomizations were performed for each test to assess significance. However, if none of the randomized data sets exceeded the observed value, we repeated the analysis with 10,000 and then 100,000 randomizations. We adapted the RecombiTEST codes available at http:// www.lifesci.sussex.ac.uk/CSE/test/index.php ) to take indel polymorphisms into account.
We also used the LDhat package (McVean et al. 2002) , available at http://www.stats.ox.ac.uk/;mcvean/LDhat/ LDhat1.0/LDhat1.0.html, to estimate the population-scaled recombination rate r for each region, r 5 2N e r for haploids (Stumpf and McVean 2003) .
Results
We obtained sequences for all markers for each strain, a total of 912 and 1,526 bp of intergenic sequences, corresponding to four markers on the largest chromosome (Ch1), and on one of the smallest chromosomes (Ch18), respectively (table 2). The 18 strains sequenced represented a total of 16 haplotypes if indel and nucleotide polymorphisms are considered and 13 haplotypes if only nucleotide polymorphisms are considered.
Interestingly, different haplotypes were found in the same water sample four times (SOLA, South Leucate, West Leucate, North Leucate), suggesting that O. tauri's populations are polymorphic in the wild at the scale of the sample (i.e., 1 liter of seawater). We found a pair of identical genotypes from the same sample once and once from the same location at different times. Both of these pairs are thus likely to be clones, suggesting in turn that clonal reproduction occurs in the wild, as in laboratory conditions. A network representation of our data set with 13 haplotypes (excluding indel polymorphisms) is presented in figure 3 . Haplotypes collected from our six sampling sites are highly interconnected, suggesting that there is no geographical population structure at the scale of our sampling area. We found no correlation between pairwise genetic distance and geographical distance (Spearman's rho 5 0.05, P value 5 0.522), as expected if there is no spatial structure at the scale of our sample (the maximum distance between samples being 108 km). The average nuclear polymorphism level is 0.0041 (0.0098 if insertion-deletion polymorphisms are included), consistent with the recent 0.0038 estimate of the level of polymorphism found in intergenic regions in the wild yeast Saccharomyces paradoxus (Tsai et al. 2008) . Interestingly, the laboratory culture of the sequenced strain has one single indel difference with the genome sequence sequenced in 2001.
We screened the alignments for signatures of recombination (table 3) . The number of polymorphic sites for each intergenic region was less than 10 for five out of the eight intergenic regions tested so that they were below the level of recombination detection for one of the methods (maxchi). Also, the four possible haplotypes for each pair of polymorphic sites were not present for most intergenic regions taken separately so that the linkage disequilibrium versus distance test measured by D# could not be performed (|D#| 5 1 for all pairs of sites if one haplotype is lacking).
None of the intergenic regions individually provides evidence for recombination (one test is significant for region Ch1d, but this is not significant after correction for multiple tests). However, when all intergenic regions are assembled for each strain, we find significant evidence for recombination on both chromosomes. On chromosome 1, three out of the four recombination detection methods are significant, whereas all four tests of recombination are significant for chromosome 18. Consistent with these results, the estimates of the number of recombination events in the genealogy of the samples are positive with LDhat and equal to 22.4 on chromosome 1 and 2.9 on chromosome 18 (table 3) .
We then assessed whether we could find some evidence of chromosomal segregation, another hallmark of meiosis. To assess this, we checked that the recombination point predicted by the maxchi test was between the two chromosomes. Looking at the haplotypes, the hallmark of chromosomal segregation can be observed in figure 4: haplotypes 4 and 5 bearing chromosome 1 of type 1-3 and chromosome 18 of haplotype 9.
Polymorphism data can be used to estimate the number of mutations and recombination events since the last common ancestor of all of our strains, M 5 h*L and R 5 r*L, with L the number of sites of the region analyzed (Stumpf and McVean 2003) . We can thus estimate the meiosis to mitosis ratio or frequency of sexual reproduction, hereafter f SR . Two additional assumptions about 1) the number of observed recombination events over the L sites considered per meiosis, r O , and 2) the number of mutations over L per mitosis, m, are needed to go further. Thus, f SR can be expressed as a function of R, M, m, and r O as:
number of meioses number of mitoses 5
Let us assume that each meiosis leads to one crossover event per Ostreococcus chromosome, as observed in many organisms (van Veen and Hawley 2003; Jensen-Seaman et al. 2004) , that is, r O 5 L/L chrom , with L chrom the chromosome length. Let us take the yeast mutation rate estimate as a proxy because there is no available estimate of the rate of mutation per generation in Ostreococcus yet. The rate of mutation per Cryptic Sex in Ostreococcus tauri · doi:10.1093/molbev/msp203 site per mitosis is 0.33 Â 10 À9 in yeast (Lynch et al. 2008 ) so that m 5 L*0.33 Â 10 À9 . We have three recombination events, R, on the sequences of chromosome 18 for M 5 13.8 mutation events (table 3) . This thus estimates f SR 5 3 Â 10 À7 for chromosome 18 and f SR 5 1 Â 10 À6 for chromosome 1 and suggests a very low proportion of meiosis to mitosis in the history of our sample. However, this is a lower limit because all methods that estimate recombination rates, including the one we used, just detect the fraction of recombination events that change the genealogy (Hudson and Kaplan 1985) , which depends in turn on the frequency of crossing between different haplotypes.
Discussion
We characterized the level of nuclear genetic diversity in the unicellular picophytoplanktonic species O. tauri using eight intergenic marker sequences from 17 isolated strains and one complete genome sequence. The polymorphism data we collected gave indirect evidence of crossing-over and chromosomal segregation, revealing that O. tauri populations reproduce sexually. Given the homogeneity and low values of polymorphism levels across intergenic regions, we can rule out the possibility that mutational hotspots may have produced the pattern observed (for a review, see Innan and Nordborg 2002) . However, we found no evidence that the genetic distance between our strains was in any way related to their geographical position, whether in a seawater lagoon, in Banyuls' Bay, or further out to sea at the MOLA sampling station. Perhaps this result is not so surprising as the water in this coastal region is mixed by currents created by the wind, the general flow in the Gulf of Lion, and by more limited exchanges of seawater through the narrow channels connecting lagoons such as Leucate to the coastal sea [the ''Grau de Leucate'' and the ''Grau de St Ange,'' see Arnaud and Raimbault (1969) ]. Additionally, the South East of France is subject to frequent strong winds, and marine microorganisms are known to be dispersed in aerosols (Aller et al. 2005) . Furthermore, several studies on protist diversity aimed at assessing whether ''morphospecies,'' which is indistinguishable through morphology, were worldwide distributed or endemic, using molecular markers (Foissner 2008) . Evidence for both ubiquitous (same sequence different locations) and cryptic species have been identified in Micromonas morphospecies (Slapeta et al. 2006 ) on worldwide distributed collection sites. Whether population structure can been assessed over a worldwide scale would require collection of O. tauri strains from various worldwide locations, but this has not yet been done.
Taken together, our sequence data also show clearly that the cultured cell lines are haploid because careful inspection of sequencing profiles showed no ambiguities of bases that would be caused by amplification of heterozygous allele pairs; there was thus no evidence for within-clone polymorphism. No such polymorphisms were observed when the OT95 genome was completely sequenced either (Derelle et al. 2006 ). The expected proportion of heterozygous sites that would be present if individuals were diploid can be estimated from the level of polymorphism estimated from the average pairwise difference between sequences (table 2) . Because p is around 0.009 over 2,470 sequenced base pairs, we would expect at least 21 ambiguous sites per sequenced strain if the strains were diploid. As no such ambiguities were observed among the 17 strains studied, we are confident that this species is haploid in the laboratory. However, we cannot completely exclude the possibility that O. tauri is diploid in the wild, the haploid state being induced by the laboratory culture process, because there are many experimental manipulation steps between sampling water to isolating a clonal culture, including several dilutions. Nevertheless, most Chlorophyta so far investigated are haploids for most of their life cycle (Davies and Grosman 1998; Lee et al. 2008; Togashi and Cox 2008) , so haploidy in the wild seems likely.
The high proportion of Ostreococcus spp. among isolated phytoplankton clones is due in part to the small filter exclusion limit chosen for sample preparation (1.2 lm); relatively few eukaryotic species are so small. Baker's yeast cells, for example, are typically 3-4 lm in diameter. Wild-type O. tauri first observed in nature from the Thau lagoon, when observed by transmission electron microscopy in sections, were 0.97 ± 0.28 lm long and 0.7 ± 0.17 lm wide (Courties et al. 1994 ) and thus could easily pass through; even diploid O. tauri cells are likely to pass through (assuming that they have double the cell volume). Although we have no information about the rigidity of the cell surface, no cell wall or envelope has been observed, and the cell membrane can be deformed by apposed organelles (Henderson et al. 2007) , hinting that its flexibility might facilitate passage through even smaller pores.
Because most picoplanktonic species cannot currently be maintained in culture in laboratory conditions, direct sequencing of PCR-amplified-cloned 18S rRNA gene fragments from filtered seawater has been successfully used to investigate their astounding diversity (Lopez-Garcia et al. 2001; Moon-van der Staay et al. 2001; Moreira and LopezGarcia 2002) , and the description of many planktonic species resides in their sole 18S rRNA sequence. Understandably, the frontiers of the species concept is still a matter of debate in single-cell organisms (Schlegel and Meisterfeld 2003) , and the ''pragmatic'' definition of species can either rely on morphological observation ''morphospecies'' or on molecular markers ''operational taxonomic units'' (Weisse 2008) . Morphospecies have been shown to contain several cryptic species in many lineages (Weisse 2008) , and 100% identity on a marker gene as the 18S rRNA may also underestimate the number of species in some lineages. Genetic diversity studies routinely use a 1-2% identity on 18S rRNA to delineate operational taxonomic units in planktonic species. Both the range of intergenic polymorphism, close to previously described polymorphism in unicellular organisms (Lynch et al. 2008; Tsai et al. 2008) , and the indirect evidence of recombination from samples identified from their 18S rRNA a posteriori give some credit to the use of the 100% sequence identity of the 18S rRNA gene as an appropriate marker for O. tauri species' identification, species sensu biological species concept as defined by Mayr (1942) .
Although we conclude that sexual exchange of genetic information in O. tauri occurs in nature, its mechanism remains enigmatic. In fact, the general mechanism of cell division in the Mamiellales is unclear because the cellular volume of these species is too small to accommodate a classical eukaryotic spindle, an apparatus which is additionally involved in mechanical separation of chromosomes and resolution of chiasmata at meiosis. Separation of ;20 chromosomes would require 40 canonical microtubules, whereas only one has so far been observed (Henderson et al. 2007 ). The cells of budding yeast have about 60 times the volume of O. tauri cells; its microtubules are about 40 nm wide, and the spindle stretches out from 0.8 to 8 lm long during cell division (Westermann et al. 2007; Bouck et al. 2008 ). In the absence of experimental evidence, we might speculate that division might occur in an unconventional way, with one single pair of microtubules, relying on a yet undiscovered chromosomal segregation process. Could such a mechanistic reduction have been driven by selection for small cell size in a nutrient-limited environment and thus be the key step contributing to the global success of eukaryotic picoplankton?
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